The modification of polyvinylidene fluoride (PVDF) polymer properties with irradiation is of interest as it possesses unique piezo-, pyro-, and ferroelectric properties. In this paper, we report the results of acoustic parameters of irradiated PVDF mixed with dimethylacetamide (DMAC) solution with low energy -source (Cs-137). The polymer solution covered with mica film assures only -ray passage and the duration was increased from 18 to 50 hours to achieve the higher dose rate. The dose rate was estimated using the strength of the radioactive source and the duration of the exposure. The ultrasonic velocity (V), density ( ), and viscosity ( ) of 0.2 wt% and 0.5 wt% PVDF dissolved in pure DMAC solution, irradiated with different dose rate were measured using ultrasonic interferometer (Mittal make), Pyknometer, and Oswald's viscometer, respectively. It is observed that the values of V, , and change with dose rate. The acoustic parameters such as adiabatic compressibility ( ), intermolecular free path length ( ), acoustic impedance ( ), relative association (RA), ultrasonic attenuation ( / 2 ), and relaxation time ( ) are calculated using the experimental data. These results are interpreted in terms of the solute-solvent interaction in a polymer solution and scissoring chain damage.
Introduction
Polyvinylidene fluoride (PVDF) is a semicrystalline polymer which has a simple chemical structure [-(CH 2 -CF 2 )-] that has excellent mechanical and chemical properties with thermal stability. PVDF polymer exists in four crystalline forms, namely, , , , and , depending upon preparation conditions [1, 2] . PVDF has been widely studied due to its piezo-, pyro-, and ferroelectric characteristics. The piezoelectric coefficients of uniaxial film are 31 = 21.4 Pc/N, 32 = 2.3 Pc/N, and 33 = −31.5 Pc/N whereas pyroelectric coefficients are −2.74 ⋅ 10 −5 C/m 2 K [3] . These properties are useful for device application such as ultrasound transducers, nonvolatile memory, sensors, actuators, sonar instruments, and solar cells. The application of PVDF in the industries depends upon mechanical and thermal properties of PVDF.
The solvents used to dissolve PVDF play an important role and its prominent reactions are often overlooked. Different solvents give rise to different rates, but changing a solvent can also alter the outcome of the reaction entirely. Most organic reactions are carried out in solution, although in some cases it is possible to simply mix all reacting components together. The specific choice of solvent can lead to the difference between success and failure in a particular reaction; therefore, an understanding polar aprotic solvent effect can be used productively to influence reactivity which is extensively used in the chemical, pharmaceutical, polymer processing and industries.
Radiation is an effective tool to modify the properties of any polymer. The modification may be in the form of crosslinking or main chain scission and molecular rearrangement. The radiation-induced structural changes in PVDF at two different temperatures were studied using XPS and reported [4] . They found that for PVDF irradiated at 150 ∘ C, double bonds were formed due to dehydrofluorination of crosslinked molecules and stable structures of the samples 2 Journal of Materials irradiated at 20 ∘ C. The electron beam irradiation PVDF shows decrease in its melting temperature with increase in dose rate. The gamma irradiation -PVDF sample changes to and phases [5] [6] [7] . This indicates that the irradiation plays an important role in modification of the structure that may help to modify the properties of the sample. The irradiation effect on the properties of solid PVDF sample is considered but no work on solution sample and its properties is available in the literature. Hence, we have made an attempt to study the effect of low dose gamma radiation on polar polymer solutions. The changes in the acoustic properties are contributed to the formation of intermolecular crosslinking.
Ultrasonic studies in polymeric solutions have drawn the attention of many researchers in the recent years [8] [9] [10] [11] [12] . The extensive use of polymeric materials in technology has necessitated investigations of the molecular interactions of polymers and solvents [13] [14] [15] [16] [17] [18] [19] . Hence, in our experimental investigation, we used the ultrasonic technique to find the acoustic parameters such as adiabatic compressibility ( ), intermolecular free path length ( ), acoustic impedance ( ), relative association (RA), ultrasonic attenuation ( / 2 ), and relaxation time ( ) to correlate with the physical properties. All the parameters depend upon the structure of the polymer and nature of the solution.
Materials and Methods
Ferroelectric polymer PVDF of AR grade (99.8% pure) in the powder form is procured from Sigma Aldrich. This PVDF powder is mixed with different concentrations of dimethylacetamide (AR grade 99.5%) procured from HiMedia Laboratories Pvt. Ltd., India. The solution was magnetically stirred for 4 hours, so that the powder dissolves completely. The effect of -radiation on the prepared solutions was studied using the Cs-137 radioactive source. The acoustic properties are calculated for the irradiated solution. Effective variations in the physical parameters of polymer solutions due to high energy gamma irradiation have been reported in literature. Hence we have made an attempt to study the effect of low dose gamma radiation on PVDF solution as the radioactive source with low strength can create the permanent change in the molecular structure of the sample and also it is easily available.
Experimental Technique.
There are many methods of polymer modifications that have been reported but other methods involve accurate stoichiometric mixture to attain particular modification that is led by complex structure of experiment such as usage of chemicals and formation of reactions. Hence, radiation method easily tunes the properties without any change in stoichiometric ratio of chemicals and the modification of the properties of polymer is very convenient. Experiment is carried out at Nuclear Science Lab, G. S. Science College, Belagavi, Karnataka, India, using Cs-137 radioactive source with the strength of 5 Ci. The PVDF solution was irradiated by keeping the radioactive source on the solution sample in vacuum desiccators over a period of 18 to 50 hrs to achieve considerable dose rate and to bring out any changes in the solution. Dose rate is estimated with the dose absorbed in unit time and indicates the amount of radioactive dose received. This was estimated using the strength of the radioactive source and duration of the exposure.
Ultrasonic interferometer, specific gravity bottle, and Ostwald viscometer are used to measure ultrasonic velocity, density, and viscosity, respectively. Ultrasonic velocity was measured using a single crystal interferometer (Mittal Enterprises, New Delhi) operating at 1 MHz with an accuracy of ±1.0 m/s. Densities of the solutions were measured using a 10 mL specific gravity bottle and the weight of the liquid was measured using an electronic balance (Model Shimadzu AX200). Accuracy in the measurement of densities of the solutions is ±0.1 kg/m 3 . The viscosity was measured with an Ostwald's Viscometer and the flow time with a digital stopwatch. The time flow is measured using digital stop watch capable of registering time accurate to ±0.1 s. Measurements were repeated thrice to confirm the accuracy of results.
The acoustic parameters were computed as follows.
The ultrasonic velocity is calculated as
where " " is the frequency of the ultrasonic waves and " " is the measured wavelength value of ultrasonic waves in a given solution.
The viscosity of the solution is calculated using
where and are density and time flow of liquid, whereas and are density and time flow of water. The density of the solution is taken as mass per unit volume.
The following equations are used to compute the acoustic parameters: adiabatic compressibility ( ), intermolecular free path length ( ), acoustic impedance ( ), relative association (RA), ultrasonic attenuation ( / 2 ), and relaxation time ( ).
Theoretical Calculations
(1) Adiabatic compressibility ( ) has been calculated from the ultrasonic velocity "V" and the density " " of the solution using the Newton-Laplace equation [20] :
(2) Intermolecular free path length ( ) has been determined as follows [21] :
where is the temperature dependent Jacobson's constant ( = 205.35 × 10 −8 at 300 K) and is the adiabatic compressibility.
(3) Acoustic impedance ( ) is given as follows: where and V are the density and velocity of the solution, respectively. (4) Relative association (RA) is given as follows:
where and V are the density and velocity of the solvent. (5) Ultrasonic attenuation ( / 2 ) and relaxation time ( ) were calculated using the following [22] :
where is the viscosity of the solution. (6) Dose rate = (source strength) × (duration of exposure).
Results and Discussion
The experimental measurements of density, viscosity, and velocity of ultrasonic waves at room temperature (300 K) for two different concentrations of PVDF solutions are shown in Table 1 . The estimated values of acoustic parameters from experimental data are shown in Table 2 . The PVDF polymer solution of pure, 0.2 wt%, and 0.5 wt% was irradiated with Cs-137 source for different dose rates which are shown in Tables  3 and 4 , respectively. Figure 1 shows the X-ray diffraction pattern of the procured PVDF. The diffraction peak observed at 2 = 18.09 ∘ , 19.58 ∘ confirms the formation of phase of the powder sample [23] . The variation of relative association, acoustic impendence, compressibility, intermolecular free path length, relaxation time, and ultrasonic attenuation with dose rate for two different concentrations is plotted in Figures  2, 3, 4 , 5, 6, and 7, respectively. It was found that V, , and increase with increase in dose rate suggesting that polymer may undergo chain scission. As the concentration of PVDF increases the number of intermolecules crosslinking in the medium increases which leads to lesser compressibility and hence ultrasonic velocity increases. Further the number of particles increases the frictional resistance between the layers of medium. Because of radiation, the molecule shrinks and the increase in the viscosity is due to increase in the molecular weight of the solution with dose rate.
In order to understand the effect of low energyirradiation on PVDF polymeric solution, the acoustic parameters such as adiabatic compressibility ( ), intermolecular free path length ( ), acoustic impedance ( ), relative association (RA), ultrasonic attenuation ( / 2 ), and relaxation time ( ) were determined using standard equations and are correlated with concentration and dose rate. The relative association, acoustic impedance, adiabatic compressibility, and intermolecular free path length show any changes with increase in dose rate as shown in Figures 2, 3, 4 , and 5, respectively.
The intermolecular free path length ( ) and the compressibility ( ) of PVDF solution show decreasing trend at higher dose rate. Decrease in with dose rate supports solvent-solute interactions. The acoustic impendence of the solution depends on inertial and elastic properties of the medium and also on concentration. Hence it is observed that the increase of acoustic impendence at higher dose rate is almost linear. Because acoustic impendence depends on ultrasonic velocity and density. With increase in dose, both parameters ultrasonic velocity and density will increase. However, for PVDF solution of 0.2 wt%, the relaxation time and ultrasonic attenuation show increasing trend of almost 50% at higher dose rate and become subsidized at higher concentration of PVDF as shown in Figures 6 and 7 , respectively.
The relaxation time increases linearly with concentration. Further it is found that relaxation time ( ) for 0.2 wt% solution increases with dose rate whereas the relaxation time ( ) for 0.5 wt% solution is almost saturated with dose rate and that is indicative of modification of structural properties of the 0.2 wt% PVDF solution.
The variation of ultrasonic velocity in a solution depends on the intermolecular free length on mixing. On the basis of a model for sound propagation proposed by Kincaid and Eyring [24] ultrasonic velocity increases on decrease of free path length and vice versa.
The property which can be studied to understand the interaction is relative association (RA). It can be explained by two factors: (1) the breaking up of solvent molecules on addition of solute to it and (2) solvation of the solute molecule. The former leads to decrease and the latter to the increase of relative association. In our study the values of RA increases with increase in the solute concentration due to solvation of the molecule relative association (RA).
Conclusion
Ultrasonic velocity (V), density ( ), and viscosity ( ) of pure and irradiated solutions are measured using ultrasonic interferometer (Mittal make), Pyknometer and Oswald's viscometer, respectively. The PVDF solution of 0.2 wt% shows the variation in ultrasonic attenuation and relaxation time at higher dose rate and saturates at and above 0.5 wt% PVDF solution. The saturation of attenuation of ultrasound propagation in PVDF solution at and above 0.5 wt% is contributed to the stability in the relaxation time of the molecules. The relative association, compressibility, acoustic impedance, and the intermolecular free path length remains unchanged with dose rate.
